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A simple tabletop setup based on a superconductor quantum interference device is
proposed to test the gravitational interaction. A D-shaped superconducting loop has
the straight segment immersed inside a massive sphere while the half-circle segment
is wrapped around the sphere. The superconducting condensate within the straight
arm of the loop thus bathes inside a gravitational simple harmonic oscillator poten-
tial while the condensate in the half-circle arm bathes in the constant gravitational
potential around the sphere. The resulting phase difference at the Josephson junc-
tions on both sides of the straight arm induces a sinusoidal electric current that has
a frequency determined by the precise gravitational potential due to the massive
sphere.
I. INTRODUCTION
The smallness of the universal gravitational constant G and the inverse square-law (ISL)
— the 1/r2-dependence of the gravitational interaction between any two massive objects
separated by a distance r — are the main sources of difficulties one faces when attempting
to test gravity and its universal constant G to high precision. Any attempt to decrease
the separation distance r between the two masses in the hope of making the resulting
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2gravitational force stronger and, hence, easier to be detected, is automatically accompanied
by an increase in the strength of the other non-gravitational interactions, such as the van der
Waals and Casimir forces to which rapidly add then the electric, the weak and strong nuclear
forces that easily overwhelm the gravitational force as one keeps decreasing the separation
distance r [1–18]. For this reason researchers have switched to indirect and more subtle tests
based on quantum particles that do not rely on the gravitational force between a weakly
separated pair of masses [19–27].
Among the more recent proposals in this direction by the present authors, are two setups
based on two independent but somewhat related strategies. In Ref. [28], the possibility of
using quantum interference of cold neutrons (or any other neutral quantum particles for
that matter) in a modified Colella-Overhauser-Werner (COW) experiment (see Ref. [19] for
a review) was proposed. Such an experiment relies on the quantum interference induced by
the gravitational field. It was shown in Ref. [28] that the gravitational potential felt by a
quantum particle traveling inside a narrow cylindrical tunnel drilled along the diameter of
a massive sphere is that of a one-dimensional harmonic oscillator. As such, it was shown
that when making one of the two beams of an interferometer go through the tunnel while
the other beam lies outside the mass source, a precise phase shift between the two beams
of the interferometer results. Unfortunately, as such a strategy relies on a single particle
interference, the induced phase shift calculated is extremely small and the setup is vulnerable
to quantum decoherence. The expected phase shift is of the order∼ 10−2 rad for a Newtonian
potential and below ∼ 10−4 rad for any eventual deviation from the ISL.
In order for those small phase shifts to be detected one should manage to amplify the
effect by either (i) increasing the mass and size of the gravitational source or (ii) by adding
up such tiny phase shifts as they accumulate from a large number of affected particles. As
the first possibility is rather expansive and would be accompanied by many technological
challenges, one would rather opt for the second. Such a possibility is indeed feasible as shown
in Ref. [29]. The key idea [29] is that the effects of gravity could be rendered macroscopic
in mesoscopic systems [30] by making many particles respond in unison to gravity as they
do [31, 32] in the presence of a magnetic field in the quantum Hall effect [33]. In fact, it is
found [29] that the influence of gravity does show up in the quantum Hall effect but that
such an effect would still not easily allow to distinguish between different possible deviations
from the ISL.
3Sticking to this idea of exploiting quantum effects due to a large number of particles, we
propose in this Letter to use quantum interference due to a large number of particles in a
condensate state. In fact, it is well known that such a state, provided by superconductors,
is a macroscopic state and, hence, any effect of gravity [34, 35] on it could show up at the
macroscopic level as well. To achieve that, we propose here to use the so-called Josephson
effect (see e.g., Ref. [36]). It is well known that such an effect is so sensitive that it allows
one to measure minute magnetic fields down to strengths of the order of 10−15 T. Similarly,
the setup we propose here would allow to measure the gravitational interaction to very high
precision. If at the first stages of its realization the setup does not reach the final desired
precision to allow to test the ISL of gravity, it would still allow to measure the gravitational
constant G in a novel way and with high precision.
The remainder of this paper is structured as follows. In Sec. II, we present and describe
the details of our proposed setup. In Sec. III, we conduct a rigorous mathematical analysis of
the way the gravitational effect would manifest itself with the help of the setup. We provide
a detailed derivation of the resulting gravitation-dependent frequency of the induced AC
Josephson effect based on the ISL and various scenarios of deviations from the latter. In
Sec. IV, we focus more on the eventual experimental realization of our setup, we provide its
quantitative predictions and put into perspective its performance relative to those of the
presently existing methods for testing gravity. We end this Letter with a brief conclusion
and discussion section in which we highlight the main potentialities of our setup and possible
future developments and improvements of the key idea behind the latter.
II. THE SETUP DESIGN
The setup we propose here is depicted in Figure 1. The setup consists of a massive solid
sphere of radius R, inside of which is drilled a cylindrical tunnel of small radius a along the
diameter of the sphere. A D-shaped superconductor is used. The superconductor is thus
made of two segments. The straight segment is connected through two superconductor-
insulator-superconductor (S-I-S) Josephson junctions [36] to another segment curved into a
half circle. The straight segment is immersed inside the sphere, along the drilled tunnel,
while the curved segment is wrapped around the sphere. The flow of the electric current
from one segment to the other is as shown in the top-view on the right in Figure 1.
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Figure 1: A D-shaped superconductor is partly immersed inside a massive sphere and partly
wrapped around the latter. The left diagram gives a side view of the setup while the right one
shows a top view. The current i through the loop is due to the flow across the Josephson junctions
(J.J.) on both sides of the straight segment of the superconductor.
Such a setup must then be cooled down to extremely low temperatures. Such a require-
ment, as we shall see in the next section, is what constrains the degree of sensitivity and
precision of the device. In fact, in analogy to the low temperatures constraint imposed by any
attempt to measure magnetic fields using a superconductor interference device (SQUID)[36],
the weakness of the gravitational interaction also requires very low temperatures to guar-
antee high performances of the setup. Nevertheless, we shall see that while the level of
performance of the setup depends greatly on the low temperatures attainable, measuring
the gravitational constant G and testing gravity with such a device does not actually impose
more constraints on the cryogenics than what other uses of SQUIDs do.
Very important also is the requirement to have a very uniform mass density for the solid
sphere. This requirement, while not necessary for the gravitational effect detection proper,
is going to render any correlation between an actual experimental measurement and the
mathematical analysis we provide in the next section extremely rigorous. However, this
requirement is not as experimentally challenging as is the case with the cryogenics. In fact,
as we shall see in the next section, the size of the solid sphere does not have to be large.
This is one of the great advantages of the present setup as compared to the proposal made in
Ref.[28]. As such, attaining a uniform density for the sphere is much more easily achievable
than the required low temperatures.
5III. THEORY
The principle behind our proposal relies on the remarkable difference between the form
of the gravitational potential filling the interior of the tunnel inside the solid sphere and the
form the gravitational potential has outside the sphere. The ultimate goal of our setup is
thereby to use this difference in order to induce a current through the Josephson junctions
connecting the two parts of the same superconductor spanning the inside and the outside
regions of the solid sphere. In this section we are going to compute the frequency of the
induced AC Josephson effect due to such a difference in the gravitational potential, first
we investigate the case of a purely Newtonian potential and then we investigate two well-
known possible cases for a deviation from the ISL: a Yukawa-like deviation and a power-law
deviation.
A. With a Newtonian potential
As shown in great detail in Ref. [28], for a very small radius (a R) of the tunnel inside
the solid sphere, the Newtonian gravitational potential inside the latter at any position
x from the center of the sphere of radius R and of mass density ρ is given by, V Ng (x) =
2piGρ(R2 + 1
3
x2). Here, we took the center of the sphere as the reference point for the
gravitational potential. This gravitational potential is, however, nothing but the potential of
a simple harmonic oscillator shifted by a constant term. Consequently, the superconducting
condensate in the straight segment of the loop inside the sphere acquires the quantized
energy of a simple harmonic oscillator of fundamental frequency ω0 = 2
√
pi
3
Gρ. Therefore,
the energy of the Cooper pairs of effective mass 2m within the segment inside the sphere is
given by,
EI = µ+ 4piGmρR
2 + ~ω0
(
n+
1
2
)
, (III.1)
where µ is the chemical potential and n is a non-negative integer. Meanwhile, the super-
conducting condensate in the half-circle segment outside the sphere acquires the Newtonian
gravitational potential energy,
EO = µ+ 2GMm/R = µ+
8pi
3
GmρR2 (III.2)
6.
Thanks to the two Josephson junctions, the outside condensate is made to interact with
the inside condensate via tunneling. Let us then denote by K the real coupling amplitude
between the outside and the inside condensates, and by |I〉 and |O〉 the inside and the outside
states of the condensates, respectively. Then, the inside and outside Hamiltonians read
HI = EI |I〉 〈I| andHO = EO |O〉 〈O|, respectively, whereas the tunneling Hamiltonian reads
HT = K (|I〉 〈O|+ |O〉 〈I|) [36]. The total system described by the state |ψ〉 = ψI |I〉+ψO |O〉
then obeys the Schro¨dinger equation, i~∂t |ψ〉 = (HI + HO + HT ) |ψ〉. Projecting this
equation on the states |I〉 and |O〉, we arrive at the following coupled differential equations,
respectively [36],
i~
∂ψI
∂t
= EIψI +KψO,
i~
∂ψO
∂t
= EOψO +KψI . (III.3)
Let us now take the expression for the wave functions of the inside and outside condensates
to be, respectively, ψO =
√
ρOe
iφO and ψI =
√
ρIe
iφI , where ρI , ρO, φI and φO are all real.
Inserting these expressions inside the equations (III.3), and separating the imaginary from
the real parts, we find, after taking into account that ∂tρI = −∂tρO by virtue of charge
conservation and ρI = ρO = ρ0, the following two differential equations,
∂ρI
∂t
=
2K
~
ρ0 sin ∆φ,
∂∆φ
∂t
=
2∆E
~
. (III.4)
Here, we have set ∆φ = φI − φO and ∆E = EI − EO. By integrating the second equation
we find the expression for the induced phase difference across the junction to be given by,
∆φ = 2~−1∆E t+φ0, for some arbitrary constant of integration φ0. Substituting this phase
difference inside the first equation, and introducing the supercurrent density J = ∂tρI of the
pair condensate, we arrive at the following expression for the supercurrent density in terms
of the energy ∆E,
J = J0 sin
(
φ0 +
2∆E
~
t
)
. (III.5)
Here, J0 is called the critical supercurrent of the junction and the resulting effect is called
7an AC Josephson effect [36]. It is this factor that requires low temperatures in order for
any application of the AC Josephson effect to be able to allow high precision measurements.
In other words, the low temperatures constraint imposed on SQUID-based measurements is
universal and arises regardless of what specific phenomena giving rise the energy difference
∆E one is trying to detect. We shall come back to this point in the last section.
Inserting the gravitational energies EI and EO we found above for the inside and outside
condensates, we deduce that the supercurrent density J is a sinusoidal function of time, with
a quantized frequency Ωn given by,
Ωn =
8piGmρR2
3~
+
√
16piGρ
3
(
n+
1
2
)
. (III.6)
The very interesting fact about this resulting frequency is that it is made of two parts.
The second part is quantized and depends only on the gravitational constant G and the
density of the massive solid sphere ρ, whereas the first part is not quantized and depends,
in addition, on the effective mass 2m of the Cooper pair and on the radius R of the massive
sphere. A closer inspection shows that if a massive sphere made of a metal as dense as
platinum or osmium is used, the two terms would be of the same order only if the sphere has
a radius of the order of a meter. This implies that the size of the sphere is not a constraint
and that one can actually use a smaller sphere. For this reason, we may very well focus only
in the Newtonian case on the second term of this formula and neglect the first term which
becomes four orders of magnitude smaller than the second term for a 1-cm radius massive
sphere. However, for precision measurements purposes, one needs to include the first term
as well.
B. With a Yukawa-like deviation from the ISL
In this subsection we consider a deviation from the ISL for which the gravitational poten-
tial has the Yukawa-like form, Gm1m2
α
r
e−r/λ, where r is the distance between the two point
masses m1 and m2 and α is a dimensionless parameter. The latter parameter quantifies the
strength of the deviation from the ISL and might in principle depend on the baryonic compo-
sition of the massive sphere, in which case the Weak Equivalence Principle (WEP) becomes
violated. The parameter λ has the dimensions of a length and represents the interaction
8range of the non-Newtonian gravitational force [11]. With such an additional term to the
Newtonian potential, the full potential inside the sphere found in Ref. [28] has a highly non-
linear form. Consequently, the Schro¨dinger equation cannot be solved analytically and the
energy eigenvalues can only be extracted numerically, a task which lies beyond the scope of
the present Letter. The best we can do here is seek an analytic estimate using perturbation
theory with the main goal to demonstrate to full potential of our setup. Furthermore, as we
shall see in the next section, the approximations we allow ourselves here are well justified
by the very nature of our setup.
For a very small radius of the tunnel, such that a R and a2  αλ2, the gravitational
potential inside the tunnel, found in Ref. [28] at any distance x from the center, can be
approximated by, V Ng (x)+4piGραλ
2e−
R
λ
[
1
x
(R + λ) sinh x
λ
− cosh x
λ
]
. Here, V Ng (x) represents
the contribution we found above for the Newtonian part of the potential. In fact, the
dominant contribution of these extra terms, as we shall see shortly, comes from an integration
over x around the value x = R for which those extra terms become all proportional to αλ2.
Treating such extra terms as a small perturbation then, the gravitational potential felt by
the condensate inside the tunnel is that of a perturbed harmonic oscillator. Indeed, using
the time-independent perturbation theory, we have the following first-order correction to the
n-th energy eigenvalue (III.1) of the unperturbed harmonic oscillator inside the tunnel:
EYI ≈ 8piGmραλ2e−R/λ
∫ R
0
[
R + λ
x
sinh
(x
λ
)
− cosh
(x
λ
)]
ψ2n(x) dx. (III.7)
Here the superscript Y stands for Yukawa. We have introduced here the harmonic oscillator’s
normalized eingenfunctions [37] ψn(x) = (2
nn!)−
1
2
(
b
pi
) 1
4 e−
b
2
x2Hn(
√
bx), where b = 2mω0~ and
Hn(z) is the n-th Hermite polynomial [38]. Unfortunately, integral (III.7) does not admit
any simple analytic expression for general n. For this reason, we shall content ourselves in
Sec. IV with performing a numerical evaluation of such an integral for specific values of the
various parameters R, α, λ and n.
On the other hand, the extra gravitational energy the external condensate acquires due
to the additional Yukawa-like term is [28],
EYO = 8piGmραλ
2e−
R
λ
[
R + λ
R
sinh
R
λ
− cosh R
λ
]
. (III.8)
9The difference between these two energies adds to the energy difference ∆E between the
inside and the outside condensates. The resulting new quantized frequency of the AC
Josephson effect then reads,
ΩN+Yn ≈
8piGmρR2
3~
+
√
16piGρ
3
(
n+
1
2
)
+
2(EYO − EYI )
~
. (III.9)
The last two terms in this expression represent then a correction to the frequency induced
by the purely Newtonian potential. Detecting such a correction in the measured frequency
amounts then to detecting a Yukawa-like deviation from the ISL.
C. With a power-law deviation from the ISL
In this subsection we consider a deviation from the ISL that has the form of a power-law,
Gm1m2
1
r
(
r0
r
)q
, where r0 is a parameter with the dimensions of length and it represents
the interaction range of the non-Newtonian interaction. In addition, this parameter quan-
tifies also the strength of the non-Newtonian interaction. It is model-dependent, and hence
composition-dependent, which means that it might also in principle lead to violations of the
WEP. The power q is an integer [11].
With such an additional term in the Newtonian potential, with q = 1 (for simplicity)
and for a very small radius of the tunnel, such that a  R, the gravitational potential
inside the tunnel, at any distance x from the center, found in Ref. [28], can be approximated
by, V Ng (x) + 2piGρr0
(
R + R
2−x2
2x
ln R+x
R−x
)
. Here, V Ng (x) represents again the contribution we
found above for the Newtonian part of the potential. Treating the extra terms as a small
perturbation, we find the following first-order correction to the n-th energy eigenvalue (III.1)
of the unperturbed harmonic oscillator inside the tunnel:
EPLI ≈ 4piGmρr0
∫ R
0
(
R +
R2 − x2
2x
ln
R + x
R− x
)
ψ2n(x) dx. (III.10)
Here the superscript PL stands for power-law. We have introduced here again the harmonic
oscillator’s normalized eingenfunctions ψn(x). As with the case of the Yukawa-like deviation
from the ISL, there is no simple analytic expression for integral (III.10). We resort therefore
to a numerical evaluation of such an integral by picking up specific values of the parameters
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R, n and r0. This is done in Sec. IV below. On the other hand, the extra gravitational
energy the external condensate acquires due to the additional power-law term is [28],
EPLO = 4piGmρRr0. (III.11)
The difference between these two energies adds to the energy difference ∆E between the
inside and the outside condensates. The resulting new quantized frequency of the AC
Josephson effect then reads,
ΩN+PLn ≈
8piGmρR2
3~
+
√
16piGρ
3
(
n+
1
2
)
+
2(EPLO − EPLI )
~
. (III.12)
The last two terms in this expression represent again a correction to the frequency induced
by the purely Newtonian potential. Detecting such a correction in the measured frequency
amounts to detecting a power-law deviation from the ISL.
IV. EXPECTED EXPERIMENTAL RESULTS
As we have seen in the previous section, our setup does not only predict a quantized
frequency for the AC Josephson effect due to the gravitational effect of the solid sphere, but,
more importantly, it predicts that the measured frequency would be different depending on
whether or not gravity keeps obeying exactly the Newtonian ISL at short distances.
A. Measuring G
Even the possibility of simply providing a new way for measuring the Newtonian grav-
itational attraction is in itself a remarkable feature of our setup. Indeed, the prevailing
disagreement between the presently measured values of G [39] makes any new proposal for
measuring the latter very attractive[18].
In fact, the quantized frequency (III.6) provided by our setup is directly determined by
the gravitational constant G. Taking the latter to be the presently recommended value[39]
G = 6.67408× 10−11 m3/kgs2, and using a 1 cm-radius solid sphere of, say, osmium of mass
density ρ = 2.25872×104 kg/m3, we find the fundamental frequency ω0 = 2.51288×10−3 Hz
and the supercurrent frequency Ω0 evaluates to 2.52379×10−3 Hz for the ground state n = 0
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of the harmonic oscillator. This is an easily measurable frequency in the lab. The number
of decimal places one allows inside the gravitational constant and inside the mass density of
the sphere is what determines the precision one achieves for the frequency Ω0. As such, the
setup could also be used the other way around. That is, by knowing the mass density ρ of
the solid sphere to a high precision and by measuring the frequency Ω0 of the supercurrent
with an arbitrary number of decimal places, one would measure the gravitational constant
G up to the desired precision.
Now, one might argue that frequencies of the order of 10−3 Hz are already too small to
allow such large numbers of decimals in the measurements (see, however, Refs. [40, 41] for
reports on the low-frequency applications of SQUIDs). Nonetheless, as we shall soon see be-
low, there is an important beneficial experimental side-effect of the so-called gravitationally
induced electric field, not yet taken into account here, which dramatically helps amplify the
gravitational effect on the induced AC Josephson current. Let us first, however, turn to the
possibility of experimentally distinguishing between the purely Newtonian gravity and the
two possible deviations from the ISL examined above.
B. Detecting a Yukawa-like deviation from the ISL
To obtain the estimate (III.9) for the induced frequency, we had to make the assumption
that a R in both cases and we had to make the extra assumption that a2  αλ2 for the
Yukawa-like deviation. These assumptions are actually not at all required by the formalism
on which our proposal is based, but they do make the resulting gravitational potentials
much easier to handle analytically when extracting the induced frequencies. In fact, all our
setup requires is that one finds the gravitational potential energy difference between the
condensates of the superconductor inside and outside of the solid sphere. As such, we might
as well have relied on a numerical analysis when evaluating the gravitational potential at the
outset. Although such an enterprise would have allowed a much wider applications range
for our setup, it would nevertheless have taken us way beyond the goal and scope of the
present Letter.
Fortunately, however, the very nature of our setup does indeed justify the approximations
we adopted above in order to extract the analytic expressions (III.7) and (III.10). In fact, the
D-shaped superconductor in our setup has, as is customary in standard SQUIDs [42, 43], a
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very small thickness which does not exceed a few micrometers allowing, thereby, a separation
distance 2a between the two hemispheres to be of the order of a few micrometers as well
or below. Therefore, even Yukawa-like deviations that are within a range such that, αλ2 ∼
10−10 m2, would be largely within the framework of the analytic approximations we relied
on above.
It is worth noting here that there are presently many imposed constraints on the Yukawa
parameters α and λ coming from various experimental tests of gravity. These experiments
include Earth-based ones[1–13], of which the Eo¨t-Wash group[5] has provided a neat excluded
region on the Yukawa (α, λ)-plane for α within the interval [10−4 ∼ 108] and for λ within
the interval [10−6 m ∼ 10−2 m]. On the other hand, older[3] and more recent[14–18] space-
based tests allow to put constraints on the Yukawa (α, λ)-plane for α within the interval
[10−10 ∼ 10−1] and for λ within the interval [10−2 m ∼ 1014 m]. In all cases, however,
the domain in the Yukawa (α, λ)-plane for which α and λ lie below certain regions still
remains inaccessible. In fact, the major obstacle in reaching lower values of α and/or λ in all
experimental tests relying on the gravitational attraction between two masses — hence, that
are mechanical in nature — remains of course the sensitivity of the setups to environmental
noise. The sources of noise are mainly thermal fluctuations, seismic noise, and parasitic non-
gravitational forces. In this respect, our setup stands out with its insensitivity to seismic
vibrations and unwanted parasitic forces. As for thermal fluctuations, our setup reaches its
full potentiality as soon as the required low temperatures for superconductivity to emerge
are achieved. Thermal fluctuations around such temperatures, as we shall see below, do not
alter the performance of the setup. With such advantages, our setup allows to effectively
reach the presently inaccessible regions of the product αλ2.
For concreteness, we shall now resort to a numerical evaluation of the integral (III.7) by
adopting specific values of the various parameters of the experiment. If we assume that a
1 cm-radius massive sphere of osmium is used, then we have again ω0 = 2.51288×10−3 Hz and
thus b = 43.4124 m−2. For the case α = 10−4 and λ = 1 m, which still lies in the presently
inaccessible region of the Yukawa (α, λ)-plane, the correction EYI to the energy of the ground
state of the harmonic oscillator is easily evaluated from Eq. (III.7) to be EYI ≈ ~×1×10−8 Hz.
On the other hand, with such parameters Eq. (III.8) gives EYO ≈ ~×3.2×10−7 Hz. Therefore,
the resulting correction to the measured frequency Ω0 as given by Eq. (III.9) evaluates to
6.2 × 10−7 Hz. For the case α = 108 and λ = 10−6 m, which is also presently within the
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inaccessible region of the Yukawa (α, λ)-plane, the correction EYI to the energy of the ground
state of the harmonic oscillator is easily evaluated from Eq. (III.7) to be EYI ≈ ~× 10−14 Hz.
On the other hand, with such parameters Eq. (III.8) gives EYO ≈ ~× 2× 10−9 Hz. Therefore,
the resulting correction to the measured frequency Ω0 as given by Eq. (III.9) evaluates to
4× 10−9 Hz.
C. Detecting a power-law deviation from the ISL
For a power-law deviation that has the parameter r0 = 10
−3 m, we find from Eq. (III.10)
that EPLI ≈ ~ × 1.1 × 10−7 Hz whereas Eq. (III.11) gives the value EPLO ≈ ~ × 1.64 ×
10−6 Hz. From Eq. (III.12) we find then that the correction to the frequency Ω0 is 3.06 ×
10−6 Hz. Remarkably, however, our setup is, as mentioned above, immune to the other
non-gravitational forces like the Casimir force and the van der Waals that usually plague
any short-distance investigation of the gravitational attraction that rely on the standard
mechanical devices. In fact, as the gravitational energy of the condensate outside the sphere
as given in Eq. (III.11) depends on the product Rr0, we see that if we allow for a radius R
of the sphere of the order of R = 10 cm, the probed distance r0 can go down to the order of
r0 = 10
−4 m for the same frequency correction of the order of 1.40× 10−6 Hz.
One might still argue that these frequencies are still way too small to allow any definitive
conclusion as to the existence of non-Newtonian forces. However, as mentioned above, we
shall look closer now at the effect of the induced electric field in the superconductor due to
the gravitational field.
D. The effect of the induced electric field
Let us then revisit our results (III.6), (III.9) and (III.12), and perform some ramifications
on them. First of all, as it is shown in Ref. [29], by taking into account the well-known
gravitationally induced electric field inside a metal under the influence of a gravitational
field [44–46], the effect of the gravitationally induced harmonic oscillator potential Vg(x) on
each of the electrons of the Cooper pairs is amplified by a factor of 1
7
M/m, where M is the
atomic mass of the superconductor’s lattice. In fact, for a given gravitational potential Vg(x)
the induced electric potential felt by the electrons is Ve(x) such that eVe(x) =
1
7
MVg(x)[46].
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Thereby, the effective gravitational energy acquired by the Copper pairs is actually due to
the induced electric potential energy and is given by E = 2m(1
7
MVg(x)/m).
Therefore, the frequency Ω0 due to the purely Newtonian potential in Eqs. (III.6), (III.9)
and (III.12) becomes amplified by the factor 1
7
M/m. Similarly, the correcting terms in
Eqs. (III.9) and (III.12) become also multiplied by such a factor as it arises from Eqs. (III.7),
(III.8), (III.10) and (III.11) giving the gravitational potential energies EI and EO of the
condensate. For a superconductor made of lead, the atomic mass of which is 3.44064 ×
10−25 kg, the amplifying factor 1
7
M/m reaches the value 5.39575 × 104. Inserting such a
factor into our estimates for the frequency Ω0, we find that the latter increases to 1.1723 Hz.
Similarly, the corrections to the latter frequency become also affected. For the Yukawa-
like deviation with α = 10−4 and λ = 1 m the frequency correction is evaluated to be
0.0334 Hz. For α = 108 and λ = 10−6 m, the frequency correction is 0.0002 Hz. For a power-
law deviation, this amplifying factor allows to reach down to short distances of the order
r0 ∼ 10−4 m even with a 10 cm-radius sphere of osmium, for which the frequency correction
becomes as high as 0.07 Hz.
V. DISCUSSION AND CONCLUSION
We have presented a new setup based on a superconductor made of two pieces. One
piece is immersed inside a massive solid sphere and the other piece is wrapped around
the latter. We saw that such a setup could be used not only to detect the usual Newtonian
gravitational interaction and to measure the gravitational constant G to very high precision,
but also to detect any deviation from the ISL of gravity. In fact, any gravitational potential
inside the tunnel that would be due to various possible deviations from the ISL introduced
in the literature would modify the pure harmonic oscillator potential we derived for the
inside of the solid sphere, and the Josephson frequency Ω0 would be slightly different from
what is found from pure Newtonian gravity. Unfortunately, as the gravitational potential
due to a deviation from the ISL is highly nonlinear [28], a rigorous analytic expression
for the gravitational potential energy of the condensate caused by such a deviation cannot
be obtained. A systematic numerical analysis is required and will be attempted elsewhere.
Nevertheless, the rough approximations we relied on here in order to evaluate such potentials
were amply justified by the very nature of our setup which accommodates such estimates
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thanks to the possibility of using a very small diameter of the tunnel inside the sphere.
Yet, the mere capability of the setup to probe deviations from the ISL to unprecedentedly
shorter distances offers new possibilities to use it to probe other gravity-related phenomena
such dark matter and gravitational waves. In fact, in contrast to all the various ways SQUIDs
have so far been proposed in the literature to test gravity [42, 43, 47–51], our setup offers
a much more compact design and much more economy. Now, while detecting gravitational
waves using our setup is probably our of reach as gravitational wavelengths are of the order
of thousands of kilometers, we believe that it would be possible to adapt the key principle
behind our present proposal to achieve an accumulated effect in order to achieve such a
detection. Nonetheless, it is not excluded that, thanks to its ability to detect deviations
from the ISL, our setup could be used as a table-top experiment to detect dark matter. In
fact, as it has already been suggested in Ref. [52], dark matter could be responsible for the
violation of the WEP. As such, detecting the latter would be equivalent to detecting the
former. As we saw, our setup offers, indeed, the possibility of measuring the gravitational
interaction to high precision using massive solid spheres made of different materials. Any
slight deviation that would be due to different compositions of the used solid spheres would
signal a violation of the WEP.
Let us now discuss the important issue of thermal fluctuations. In fact, one would expect
that by exciting the harmonic oscillator within the sphere by using an applied voltage on
both sides of the superconductor, one could benefit from having higher energy levels with
larger integers n which lead to an increase in the value of the quantized frequency and reduce,
thereby, the effect of thermal noise. However, we should keep in mind that while the motion
of the Cooper pair condensate is really governed by the potential of a simple harmonic
oscillator inside the tunnel, the fact that the Josephson junctions constitute finite potential
barriers on both sides alters the energy of the higher levels of the harmonic oscillator [53].
Such barriers constitute indeed a real perturbation, albeit a tiny one due to the very high
potential barrier made by the junctions compared to the gravitational potential. Only the
low-lying states of the harmonic oscillator can thus be treated as pure unperturbed states
to a very good approximation.
Although the experiment proposed here is supposed to be performed at extremely low
temperatures in order to prevent thermal fluctuations from overwhelming the gravitational
potential inside the tunnel, such fluctuations are inevitable as along as the experiment is
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conducted at finite temperatures. From the order of magnitude of the ground state of the
harmonic oscillator one would wish indeed to ideally achieve a temperature of a few pi-
cokelvins for the thermal energy to be of the same order as that of the ground state. It is
clear, however, that such extremely low temperatures are presently beyond reach in Earth-
based laboratories in which the lowest temperatures achieved so far are tens of picokelvins
and realized only on a few atoms [54]. In superconductors, the temperatures achieved are
of the order of a few millikelvins [55]. Yet, it is easy to check that the thermal fluctuations
cannot screen the gravitational effect, and hence, that temperatures of the order of a pi-
cokelvin are not necessary for the present experiment to be successfully carried out based on
the following classical argument [56]. Letting δφ denote the induced phase difference due to
thermal fluctuations, expression (III.6) yields J = J0 sin(φ0 +
2
~Et+ δφ). As sin δφ averages
to zero, we have 〈J〉 = J¯0 sin(φ0 + 2~Et), where only the critical supercurrent becomes thus
averaged to J¯0 = J0 〈cos δφ〉. At temperature T , the average critical supercurrent is then
approximated by e−kBT/2K , where kB is the Boltzmann constant and K is the coupling en-
ergy at the junction [56]. Therefore, the low temperature constraints are only dictated by
the precision reached by the presently used current detectors. Presently used temperatures
in SQUIDs of the order of a few kelvins or below are amply sufficient.
Finally, we would like to conclude by emphasizing that the key idea behind our setup
is to exploit the difference between the gravitational potentials inside and outside the solid
sphere. We suggested here to use such a difference to create a phase difference between the
condensates of two pieces of the same superconductor. Such a phase difference, in turn,
manifests itself in the AC Josephson effect. It is clear, then, that such a strategy can very
well be carried out using other macroscopic quantum states than the one supplied by a
superconductor. In particular, the superconductor in our setup can easily be replaced by
a superfluid or any Bose-Einstein gas condensate, as long as the induced phase difference
allows to give rise to a detectable interference effect in the manner reported in Refs. [57, 58].
Acknowledgments
The authors are grateful to the anonymous referees for their comments that helped im-
prove the clarity and presentation of the manuscript. This work is supported by the Natural
Sciences and Engineering Research Council of Canada (NSERC) Discovery Grant (RGPIN-
17
2017-05388).
[1] J. K. Hoskins, R. D. Newman, R. Spero and J. Schultz, “Experimental tests of the gravitational
inverse-square law for mass separations from 2 to 105 cm”, Phys. Rev. D 32, 3084 (1985).
[2] M. V. Moody and H. J. Paik, “Gauss’s law test of gravity at short range”, Phys. Rev. Lett.
70, 1195 (1993).
[3] J. C. Long, H. W. Chan and J. C. Price, “Experimental status of gravitational-strength forces
in the sub-centimeter regime”, Nucl. Phys. B 539, 23 (1999) [arXiv:hep-ph/9805217].
[4] C. D. Hoyle et al., “Sub-millimeter tests of the gravitational inverse-square law: A search for
”large” extra dimensions”, Phys. Rev. Lett. 86, 1418 (2001) [arXiv:hep-ph/0011014].
[5] E. G. Adelberger and for the Eo¨t-Wash Group, “Sub-mm tests of the gravitational inverse-
square law”, CPT and Lorentz Symmetry, 9 (2002) [arXiv:hep-ex/0202008].
[6] E. G. Adelberger, B. R. Heckel and A. E. Nelson, “Tests of the Gravitational Inverse-Square
Law”, Ann. Rev. Nucl. Part. Sci. 53, 77 (2003) [arXiv:hep-ph/0307284].
[7] D. J. Kapner et al., “Tests of the Gravitational Inverse-Square Law below the Dark-Energy
Length Scale”, Phys .Rev. Lett. 98, 021101 (2007) [arXiv:hep-ph/0611184].
[8] E.G. Adelberger et al., “Torsion balance experiments: A low-energy frontier of particle
physics”, Prog. Part. Nucl. Phys. 62, 102 (2009)
[9] A. O. Sushkov, et al., “New experimental limits on non-Newtonian forces in the micrometer-
range”, Phys. Rev. Lett. 107, 171101 (2011) [arXiv:1108.2547].
[10] S-Q. Yang et al., “Test of the Gravitational Inverse Square Law at Millimeter Ranges”, Phys.
Rev. Lett. 108, 081101 (2012).
[11] J. Murata and S. Tanaka, “Review of short-range gravity experiments in the LHC era”, Class.
Quantum Grav. 32, 033001 (2015) [arXiv:1408.3588].
[12] C-G. Shao et al., “Search for Lorentz invariance violation through tests of the gravitational
inverse square law at short-ranges”, Phys. Rev. D 91, 102007 (2015) [arXiv:1504.03280].
[13] W-H. Tan et al., “New Test of the Gravitational Inverse-Square Law at the Submillimeter
Range with Dual Modulation and Compensation”, Phys. Rev. Lett. 116, 131101 (2016).
[14] S. G. Turyshev et al., “Advancing Tests of Relativistic Gravity via Laser Ranging to Phobos”,
Experimental Astronomy 28, 209 (2010) [arXiv:1003.4961v2].
18
[15] M. Armano el al., “Sub-Femto- g Free Fall for Space-Based Gravitational Wave Observatories:
LISA Pathfinder Results”, Phys. Rev. Lett. 116, 231101 (2016).
[16] Pierre Touboul et al., “MICROSCOPE Mission: First Results of a Space Test of the Equiva-
lence Principle”, Phys. Rev. Lett. 119, 231101 (2017) [arXiv:1909.10598].
[17] J. Berge´ et al., “ISLAND: The inverse square law and Newtonian dynamics space explorer”,
42nd COSPAR Scientific Assembly (2018). Vol. 42, p. H0.3-6-18. [arXiv:1809.00698].
[18] M. Armano et al., “Novel methods to measure the gravitational constant in space”, Phys.
Rev. D 100, 062003 (2019).
[19] S. A Werner, “Gravitational, rotational and topological quantum phase shifts in neutron in-
terferometry”, Class. Quantum Grav. 11, A207 (1994).
[20] V.V. Nesvizhevsky et al., “Study of the neutron quantum states in the gravity field”, Nature
415, 297 (2002).
[21] V.V. Nesvizhevsky et al., “Measurement of quantum states of neutrons in the Earth’s gravi-
tational field”, Phys. Rev. D 67, 102002 (2003) [arXiv:hep-ph/0306198].
[22] V.V. Nesvizhevsky et al., “Study of the neutron quantum states in the gravity field”, Eur.
Phys. J. C 40, 479 (2005) [arXiv:hep-ph/0502081].
[23] G.W. Biedermann, X.Wu, L. Deslauriers, S. Roy, C. Mahadeswaraswamy and M.A. Ka-
sevich, “Testing gravity with cold-atom interferometers”, Phys. Rev. A 91, 033629 (2015)
[arXiv:1412.3210].
[24] G.V. Kulin, A.I. Frank, S.V. Goryunov, D.V. Kustov, P. Geltenbort, M. Jentschel, A.N.
Strepetov and V.A. Bushuev, “Spectrometer for new gravitational experiment with UCN”, In
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 792, 38 (2015) [arXiv:1502.03243].
[25] H. Abele, “Precision experiments with cold and ultra-cold neutrons”, Hyperfine Interact 237,
155 (2016).
[26] P. Asenbaum et al., “Phase Shift in an Atom Interferometer due to Spacetime Curvature
across its Wave Function”, Phys. Rev. Lett. 118, 183602 (2017).
[27] V. Xu et al., “Probing gravity by holding atoms for 20 seconds”, Science 366, 745 (2017)
[arXiv:1907.03054].
[28] F. Hammad, A. Landry and K. Mathieu, “On the possibility of testing the inverse-square law
and gravitomagnetism using quantum interference”, arXiv:1910.13814v2.
19
[29] F. Hammad, A. Landry and K. Mathieu, “A fresh look at the influence of gravity on the
quantum Hall effect”, under review.
[30] C. Kiefer and C. Weber, “On the interaction of mesoscopic quantum systems with gravity”,
Annalen Phys. 14, 253 (2005) [arXiv:gr-qc/0408010].
[31] A. Landry and F. Hammad, “Landau levels in a gravitational field: The Schwarzschild space-
time case”, arXiv:1909.01827.
[32] F. Hammad and A. Landry, “Landau levels in a gravitational field: The Levi-Civita and Kerr
spacetimes case”, Eur. Phys. J. Plus 135, 90 (2020) [arXiv:1910.01899v2].
[33] K. von Klitzing, “Quantum Hall Effect: Discovery and Application”, Annu. Rev. Condens.
Matter Phys. 8, 13 (2017).
[34] G. A. Ummarino and A. Gallerati, “Superconductor in a weak static gravitational field”, Eur.
Phys. J. C. 77, 549 (2017) [arXiv:1710.01267].
[35] Y.-P. Hu, H.-F. Li, H.-B. Zeng, H.-Q. Zhang, “Holographic Josephson Junction from Massive
Gravity”, Phys. Rev. D 93, 104009 (2016) [arXiv:1512.07035].
[36] A. Barone and G. Paterno`, Physics and Applications of the Josephson Effect. (Wiley & Sons,
New York, 1982).
[37] J.I. Schiff, Quantum Mechanics, First Edition, (McGraw-Hill Book Company, Inc., New York,
1949).
[38] W. Magnus, F. Oberhettinger and R.P. Soni, Formulas and Theorems for the Special Functions
of Mathematical Physics, Third Edition (Springer-Verlag, Berlin, 1966).
[39] P. J. Mohr, D. B. Newell and B .N. Taylor, “CODATA recommended values of the fundamental
physical constants: 2014”, Rev. Mod. Phys. 88, 035009 (2016) [arXiv:1507.07956].
[40] T. Ryha¨nen, H. Seppa¨, R. Ilmoniemi and J. Knuutila, “SQUID magnetometers for low-
frequency applications”, J. Low Temp. Phys. 76, 287 (1989).
[41] M. Salomon et al., “Nanohertz Frequency Determination for the Gravity Probe B HF SQUID
Signal”, Review of Scientific Instruments 82, 125110 (2011) [arXiv:1111.4521].
[42] H. Weinstock (Ed.), SQUID Sensors: Fundamentals, Fabrication and Applications, Nato Sci-
ence Series E. (Springer, Netherlands, 1995).
[43] A. H. Silver, “How the SQUID was born, Superconduction”, Supercond. Sci. Technol. 19, S173
(2006).
[44] L. I. Schiff and M. V. Barnhill, “Gravitation-Induced Electric Field near a Metal”, Phys. Rev.
20
151, 1067 (1966).
[45] F. C. Witteborn and W. M. Fairbank, “Experimental Comparison of the Gravitational Force
on Freely Falling Electrons and Metallic Electrons”, Phys. Rev. Lett. 19, 1049 (1967).
[46] A. J. Dessler, F. C. Michel, H. E. Rorschach and G. T. Trammell, “Gravitationally Induced
Electric Fields in Conductors”, Phys. Rev. 168, 737 (1968).
[47] D. Fargion, L. Chiatti and A. Aiello, “Quantum Mach effect by Sagnac phase shift on Cooper
pairs in rf- SQUID”, Physica C: Superconductivity 336, 27 (2000) [arXiv:astro-ph/9606117].
[48] W. Vodel et al., “High Sensitive DC SQUID Based Position Detectors for Application in Grav-
itational Experiments at the Drop Tower Bremen”, P. 248 in Gyros, Clocks, Interferometers...:
Testing Relativistic Gravity in Space. C. Lammerzahl, C. W. F. Everitt and F. W. Hehl (Eds.),
Lecture Notes in Physics (Springer-Verlag, Berlin, Heidelberg, 2001).
[49] A. Sterck, S. Weiss and D. Koelle, “SQUID ratchets: basics and experiments”, Appl. Phys. A
75, 253 (2002).
[50] C. Beck, “Axion physics in a Josephson junction environment”, Physica C: Superconductivity
473, 21 (2012) [arXiv:1008.2085].
[51] B. Kiczek, M. and K. I. Wysokinski, “DC SQUID as a sensitive detector of dark matter”,
arXiv:1904.00653.
[52] S. M. Carroll el al., “Dark-Matter-Induced Weak Equivalence Principle Violation”, Phys. Rev.
Lett. 103, 011301 (2009) [arXiv:0807.4363].
[53] W. N. Mei and Y. C. Lee, “Harmonic oscillator with potential barriers-exact solutions and
perturbative treatments”, J. Phys. A: Math. Gen. 16, 1623 (1983).
[54] T. Kovachy el al., “Matter wave lensing to picokelvin temperatures”, Phys. Rev. Lett. 114,
143004 (2015) [arXiv:1407.6995].
[55] R. G. Sharma, Superconductivity: Basics and Applications to Magnets, (Springer, New York,
2015).
[56] M. Tinkham, Introduction to Superconductivty, Second Edition. (McGrw-Hill, New York,
1996).
[57] O. Avenel1 and E. Varoquaux, “Josephson Effect and Phase Slippage in Superfluids”, Jpn. J.
Appl. Phys. 26, 1798 (1987).
[58] C. Ryu et al., “Experimental Realization of Josephson Junctions for an Atom SQUID”, Phys.
Rev. Lett. 111, 205301 (2013) [arXiv:1304.8095].
